The elastic deformation machining method is suitable for fabricating aspheric surfaces that have excellent physical properties of elastic materials. The machining process is carried out with the deformation model without mold. When vacuum pressure is supplied to the workpiece, the top surfaces of workpiece are deformed into aspheric shape. After machining process, the bottom surface will be formed into the aspheric shape and the top surface returns to its original flat surface form due to internal force and bending moments of the material. However, the accuracy will decrease due to the reduced thickness while the vacuum pressure keeps unchanged during machining process. Therefore, it is necessary to carry out the finite element analysis (FEA) to determine the vacuum pressure with corresponding to the reduced thickness. In addition, the mold with its surface approximates and the desired surface form of the lens is also presented. When uniform vacuum pressure is supplied to the workpiece through small holes of the mold, the workpiece will be deformed into aspheric profile as similar to the mold surfaces. In order to improving the form accuracy, the FEA and the experiment are studied for modifying the mold profile to correspond with bending strength of workpiece material.
Introduction
Nowadays, for managing laser light in sophisticated and compact laser systems, aspheric lenses are the most powerful lenses. In these systems, it is generally accepted that spherical aberration is the most common performance detractor. From the use of spherical surfaces, it is found that they artificially limit focusing and collimating accuracy. In spite of the fact that spherical geometry is not optimal for refracting light that has been known for centuries, the high cost and difficulty of fabricating nonspherical (aspheric) surfaces has inhibited them from a wider use.
Because aspheric surfaces offer advantages such as high resolution, light weight, and low cost, they are widely used in the opto-electronics industry. As aspheric surfaces are more effective in shaping the light than spherical surfaces, they have recently been used in measurement instruments, astronomy, and optical lens [1, 2] . Figure 1 shows some applications which employ aspheric surfaces.
In most general terms, an optical lens can be determined as a refracting device that reconfigures the light wave front incident upon it. The phase, direction of propagation, intensity, and polarization state are the properties of the incident light beam which are influenced by a lens. Surface form and roughness, diameter, subsurface defects generated during the fabrication process, shape accuracy, physical and mechanical properties of the optical material, and other optical conditions, such as the angle of incidence of light beam, absorption, reflection, and environmental influences, are some of the major characteristics that govern the performance of an optical lens [3] .
To overcome the aberration problems of spherical lenses, a number of spherical surfaces with different signs of aberrations have to be utilized to balance and minimize the final aberration to obtain high quality images. In principle, the optical system designer can always use enough spherical lenses to simultaneously correct for all of the common optical aberrations in a lens system if the number of elements used in an optical system is not limited. The number of surfaces required to do this may be so large that the resulting lens assembly is excessively large in size and weight, and expensive to produce. In addition, the transmission of the assembly lens may be unduly reduced due to the residual reflections from each surface, and the bulk absorption in each lens.
The usage of aspheric surfaces, both with and without the incorporation of diffractive elements, allows the design and construction of assembly lens with the same or even better optical performance than an equivalent all-spherical system. However, in most cases, with a significant reduction in the number of elements required, there is a significant improvement in the overall lens assembly size, weight, cost, and optical transmission. In many cases, in an optical system, each aspheric surface can be applied to replace at least two other spherical surfaces. Hence, aspheric lenses are more efficient because additional error-correcting lenses are not required. Figure 2 is an illustration of spherical and aspheric lens systems.
Cutting techniques such as turning and milling processes are usually utilized for the production of aspheric glass lenses as shown in Figure 3 .
The machining processes, which usually consist of computer numerically controlled (CNC) generators, are employed to machine an aspheric shape on a lens to generate the desired shape. In glass machining, the roughness on a cutting edge has a larger effect on surface finish than that of metal machining. Glass workpiece can be machined without brittle fractures with an undeformed chip thickness less than 1 μm in milling and turning processes [4] [5] [6] [7] . Thereafter, the optical lenses are fine machined by grinding, and then followed by polishing to achieve the good surfaces. In the grinding process, if the depth of cut is below a certain value, the material removal mode is ductile flow which is characterized by low surface roughness and subsurface damage [8] [9] [10] [11] [12] . Figure 4 is an illustration of a precision grinding process.
"Precessions" polishing is an automated polishing method that uses a 7-axis CNC machine tool for polishing spherical and aspheric surfaces [13, 14] . Based on contact between the workpiece surface and polishing tool, the polishing spot of desired size is generated by controlling the load cell in polishing process. The polishing tool then moves in angular steps around the local normal to the part surface during machining process. The 7-axis CNC capability of the machine also makes the generation of free-form surfaces possible. Figure 5 shows a schematic illustration of a "Precessions" polishing process. To fabricate aspheric surfaces, the movement of the tool must be constrained in the machining process. A sub-aperture tool (smaller in size than the lens) on a modified polishing machine is then utilized, and by controlling the amount of time the tool spends working at a given lens location, a desired aspheric surface can be fabricated. In addition to the complexity of the machining processes, conventional aspheric fabrication is highly sensitive to the manufacturing conditions, which strongly depend on the positioning accuracy of the machine, the condition of the grinding wheel, and the vibrations in the system. These factors result in an expensive manufacturing cost and a low production yield.
Compared to traditional cold-working methods, glass molding and precision injection molding have greatly advanced the fabrication technologies for aspheric lens industry because of their unique advantages such as excellent compatibility, high efficiency, great flexibility, and high consistency [15] [16] [17] . The mass production of aspheric glass lenses is fabricated by applying the technologies. In the glass molding technique, a glass lens is fabricated by compressing glass melting at a high temperature and replicating the shapes of the mold without any need of further machining. Figure 6a shows the process begins by putting a glass gob on top of a lower mold. Both the glass gob and the mold are heated to a molding temperature above the transition temperature of glass (Figure 6b ). After the glass and the mold temperature have reached a steady state molding temperature, the mold is closed by moving the lower mold (Figure 6c ). The temperature is maintained during the molding step. All steps are performed in vacuum environment. Then, by holding the pressed load for a short time at a slow cooling rate, the stress in the glass lens is relaxed. Lastly, the formed glass lens is rapidly cooled to ambient temperature and released from the molds (Figure 6d) . A BK7 glass fabricated using this molding process has surface roughness of approximately 5 nm Ra, and form accuracy of 0.2 μm P-V.
In spite of the obvious advantages, there are serious drawbacks that currently limit the application of injection molding and glass molding technologies to smaller size aspheric lens fabrications. A typical drawback is the altering of optical properties such as refractive index, due to heating and annealing of the glass material, and the uneven shrinking due to the cooling process that causes error in lens profile [18] .
In contrast, the elastic deformation machining method is a good technique that the workpiece will be deformed into aspheric shape prior to the lapping process under vacuum pressure. While the vacuum pressure is remained, the opposite side is polished to optical flatness by the lapping wheel. When the vacuum pressure is released, the bottom surface of the workpiece will be shaped into an aspheric shape and the top surface will restore to its flat surface form by internal force and bending moments. Consequently, for machining materials which have excellent physical properties due to their perfect crystal structures, the elastic deformation method is appropriate [19] .
Theory of elastic deformation
Based on the elasticity of the material, the circular flat plate is deformed to an aspheric surface by applying the pressure in the elastic deformation machining method. The deflection of the circular plate can be calculated by using appropriate plate theory. There are two types of edge support for circular plate, such as fixed (or clamped) edge and simply supported edge which are considered in this section. 
Basic equations for circular plate in elastic deformation
The amount of deflection of circular plate can be determined by solving the differential equations of an appropriate plate theory [20] . Two types of edge support include clamped and simply supported edge which are used in the elastic deformation method. In the case of simple bending of circular plate, the amount of deflection w is assumed to be very small in comparison with plate thickness. According to the small deflection theory of thin homogenous elastic plates, the deformation in the middle plane of the plate can be neglected and the straight line initially normal to the middle surface to the plate remains straight. In addition, the stress (i.e., transverse normal stress) is small when compared to other stress components and should be neglected in stress-strain relationship. Under these conditions, the three dimensional plate problem can be reduced to two dimensions. The linear theory of elasticity can be used to derive the governing differential equation for a plate subject to uniform transverse loads. The equation for small deformation w of a thin circular plate of constant thickness h is:
E and v are the Young's modulus and Poisson's coefficient. D is the rigidity constant of the plate, and p is the load on the plate. Because of the rotational symmetry, the Laplacian operator ∇ 2 in polar coordinates r and θ can be written as:
The moment can be written in the form,
where M r and M t are radial moment and tangential moment. If the load acting on the plate is symmetrically distributed about the axis perpendicular to the middle plane of the plate, the deflection w is independent of θ, when Eqs. (3) and (4) becomes:
In other form, it shown as
Eq. (5) can be written as
Multiply both sides of Eq. (6) by r and then integrate to obtain,
By successive integrations, the deflection can arrive finally at
The shears for the symmetrically loaded plate can be given as follow,
and from Eq. (9),
This equation indicates that Q would approach infinity as r approaches zero. To prevent this from happening, we make C 1 = 0. From Eq. (10), it can be seen that w becomes infinity at r = 0. To avoid this, the constant C 3 must be zero. Thus,
From Eq. (13), the amount of deflection w r is the function of r in cylindrical coordinate system.
Circular plate with simply supported edge
The boundary conditions are w ¼ 0 and M r ¼ 0atr = a. Eq. (13) can be written,
and
From the equations, we can find so that the deflection of every radial location can be calculated using,
The maximum deflection which occurs at r = 0, is given by,
Substitute
From Eq. (19), we can see that the maximum deflection of the circular plate is relative of the diameter a and the ratio between diameter a and thickness h. Figure 7 shows a schematic illustration of a lens elastic deformation process without mold.
Elastic deformation machining method without mold
Two surfaces of the workpiece are polished to certain flatness before fabricating as shown in Figure 7a . When vacuum pressure is supplied to the workpiece through a hole, the workpiece is deformed in the middle. The edge of the workpiece is supported by the holder; therefore, it will be not moved. This makes the workpiece become a formed aspheric shape as presented in Figure 7b . The deflection of the workpiece can be calculated by using theoretical equation in boundary conditions of circular plate with simply supported edge. While the vacuum pressure is still remained, the workpiece and the holder start rotating and moving downward in contact with the lapping plate. Its opposite side will be polished to optical flatness as illustrated in Figure 7c and d. Then, the vacuum pressure is not supplied and the workpiece is also released from the holder as shown in Figure 7e . According to the Figure 7f , the bottom surface will be formed into the aspheric shape and the top surface returns to its original flat surface form due to material elasticity. It can be seen that the deformed workpiece surfaces can be restored by internal force and bending moments which are created from the vacuum pressure during machining process.
Finite element analysis for elastic deformation machining process
The vacuum pressure affects an amount of elastic deformation of the workpiece; hence, the accuracy of manufactured profile will also be highly dependent on the vacuum pressure as well. Figure 8a and b illustrates that the workpiece is lapped and polished to a flat surface while the vacuum pressure stays it at the initial deformed state.
The manufactured workpiece accuracy can be improved by adjusting the vacuum pressure during the machining process because of the changed workpiece thickness [21] . The vacuum pressure is defined by finite element analysis (FEA) results because theoretical calculation for complex surface is more difficult. In simulation process, a circular plate B270 optical glass with the edge supported by the holding device is listed in Table 1 .
All elements of modeling were created by meshing with A20-node quadratic brick elements in reduced integration (C3D20R). Figure 9 demonstrates the finite element model as follows. Table 1 .
Material properties of B270 optical glass [22] .
When the vacuum pressure keeps unchanged, the workpiece thickness is reduced during the lapping process. Therefore, the surface form of a glass plate will have some errors compared to desired surface form at the end of the machining process. The results of the FEA indicate that the deflection of workpiece is greater than desired curve. In order to enhance its accuracy, the vacuum pressure should be fixed at 42 kPa as shown in Figure 10 .
Experimental setup
The B270 optical glass which is a clear, high transmission and high purity raw materials is chosen in this experiment. The workpiece sides are lapped and polished to flat surfaces. The lapping process is through the relative motion between the lapping plate and the workpiece, affected by abrasive slurry under distribution load. The silicon carbide (SiC) and cerium oxide (CeO 2 ) abrasive grain slurry are used in the experiment. The principle of lapping process can be seen in Figure 11 .
In lapping process, a rigid iron surface covered by a flannelette plate is moved under the load on the glass surface, with abrasive particles suspended in water between them. Table 2 demonstrates parameters for the machining process. To remove microcrack layer and trace after the lapping process, a polishing step is required. This step is also carried out with the Nanopoli-100 precision polishing machine. The polishing parameters fixed unchanged as that in the initial lapping step, except that the abrasive is changed from SiC to CeO 2 as a fine polishing step. 
Experimental results
The component accuracy can be improved by adjusting the vacuum pressure values to compensate for its lost thickness during the lapping step. The vacuum pressure is defined through FEA results. Figure 10 shows that the deformation curve of the workpiece is close to the desired curve when the vacuum pressure is fixed at 42 kPa. Therefore, the vacuum pressure should be reduced from 50 to 42 kPa in the experiment. Figure 12 illustrates the deflection and deviation results of the experimental results and the theoretical calculations.
Depending on reducing pressure from 50 to 42 kPa and keeping stable through the entire lapping step, the experimental results agree greatly with theoretical calculations. The peak-valley value is reached at 1.6 μm. 
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Elastic deformation machining method with mold
In the elastic deformation machining process without mold, the thickness of the plate is reduced while the vacuum pressure remains unchanged. Thus, the workpiece deformation to increase as lapping progresses. This will cause large deviation in surface form between finished workpiece and theoretical calculation. The mold with its surface approximates the desired surface form of the lens which is used for improving the machining precision. When vacuum pressure is supplied, the top surface of the workpiece will be deformed and then contacts the molded surface. Figure 13 shows the basic concept of elastic deformation molding process [23] .
The mold and workpiece surfaces are polished to flatness before fabricating as shown in Figure 13a . When uniform vacuum pressure is supplied to the workpiece through small holes of the mold, the workpiece will be deformed and then contacted with the aspheric surface of the mold as presented in Figure 13b . While deformed workpiece is kept stable under vacuum pressure, the bottom side of the workpiece is polished to flatness as illustrated in Figure 13c and d. Then, the vacuum pressure is not supplied; hence, the lapped side of workpiece will be formed into the mold surface while the opposite surface returns to its original flatness surface due to material elasticity as shown in Figure 13e .
Finite element analysis for elastic deformation machining process with mold
The standard aspheric formula is: where Z, depth or "Sag" of the curve; r, distance from the center; c, curvature (=1/ radius); K, conic constant; and A 2i , higher order terms. The radius (R) is used for determining the aspheric terms such as their shallow or depth. The closest spherical surface is the radius which reaches the aspheric sag at the largest useful diameter [24] . Figure 14 illustrates the aspheric lens sag.
An aspherical surface is built by using spherical surface combined with the higher order terms. Most optical designers use only the even-order terms from A2 to A20. The conic constant K has been used to design the initial aspheric, simple paraboloid and hyperboloid (as shown in Table 3 ).
In elastic deformation machining method, the accuracy of aspheric lens depends on the ability of elastic deformation and completely contacting the mold surfaces. The mold surface is defined by choosing the closest spherical surface (as shown in Figure 15 ). The FEA is designed for establishing the spherical surface through a simulation of contacting process between workpiece and mold surface. 
Conic constant
Surface type Table 3 .
The relationship between conic constants and surface types. Figure 15 .
The aspheric surface from best fit sphere.
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In the simulation process, the thickness (h = 1.0 mm) and diameter (D = 50 mm) of the workpiece are suggested. In addition, the radius (R = 2500 mm) of spherical surface is chosen. The parameters of FEA model can be seen in Figure 16a .
The axisymmetric model is selected in this simulation process. The mold is chosen as an analytical rigid shell and the workpiece is a deformable shell. The analytical step of model is "Dynamic, Explicit". The interaction and the contact property are "Surface to surface contact" and "Penalty contact method," respectively. All elements of the workpiece are divided in meshing with A4-node bilinear axisymmetric quadrilateral elements in reduced integration. The workpiece mesh and boundary conditions are described in Figure 16b . The values of uniform vacuum pressure are opted in range of À80 to À100 kPa. The conic constant K = 0.25 is selected for the simulation process.
It is clear to see that Figure 17 shows the deflection and deviation of workpiece under different vacuum pressures with the conic constant K = À3.
According to the results, the model with the conic constant K = À3, gives the best one and the deviation between the workpiece and the mold is the smallest. The workpiece and the mold can reach the best when the vacuum pressure approximates À95 kPa. However, when the vacuum pressure is larger than À95 kPa, the deviation results are still stable. Therefore, the conic constant K = À3 recommends for defining the aspheric surface of the mold.
The accuracy one can be innovated by modifying the mold profile to adopt with bending stress of workpiece material. This mold profile is redesigned by using the profile of workpiece after the deformed stage. An axisymmetric FEM model is established, and it consists of the new mold and workpiece. The uniform vacuum pressure is chosen as À95 kPa. The mold surface is redesigned with the conic constant K = À3 as displayed in Figure 18 .
It can be noted that Figure 19a and b presents the deflection and deviation results between the workpiece and the new mold under supplied vacuum pressures, P=À95 kPa and K = À3. The form accuracy of workpiece is enhanced by using the new mold surface. The maximum deviation is less than P-V 0.35 μm while the former mold is about 15.02 μm. Figure 20 presents that the experiment was conducted to a precision polishing machine Preci-Polish 300. The B270 glass with a diameter of 50 mm and a thickness Table 4 points the parameters for the machining process, in which the vacuum pressure is fixed as À95 kPa.
Experimental setup
According to the simulation results, the new mold surface with the conic constant K = À3 is chosen. The multi-small holes of the modified mold surface are fabricated to fix the workpiece during the machining process. The new mold is machined on a precision CNC machining center. Figure 21a and b shows that experimental results are compared to FEA with new mold surface under applied vacuum pressure P = À95 kPa.
Experimental results
Based on the experimental and FEA results, the deviation of workpiece is less than P-V 0.01 μm within the radius of about 12 mm. The maximum deviation is P-V 0.6 μm; however, the former mold is about 18.93 μm. It is clear to see that the experimental results agree greatly with FEA results. Therefore, the form accuracy of the workpiece is significantly improved when the new mold profile is redesigned according to the FEA results with P = À95 kPa and K = À3.
Conclusions
Based on the elasticity of the material, the elastic deformation machining is a method in which the vacuum pressure is used for fabricating complex aspheric surfaces. The amount of deflection of circular plate can be determined by solving the differential equations of an appropriate plate theory. The workpiece will be deformed into aspheric shape prior to the lapping process under the vacuum pressure. While the vacuum pressure is remained, the opposite side is polished to optical flatness by the lapping wheel. Then, the vacuum pressure is not supplied and hence, the bottom surface will be formed into the aspheric shape and the top surface will be restored to its flat surface form. Therefore, the method is suitable for manufacturing of optical lens with large aperture and low thickness glass materials. In the elastic deformation machining process without mold, the manufactured workpiece accuracy can be increased by adjusting the vacuum pressure during the machining process because of the changed workpiece thickness. The vacuum pressure is defined through FEA results. According to the FEA, the deformation curve of the workpiece is reached to the desired curve when the vacuum pressure is fixed at 42 kPa. Depending on reducing the vacuum pressure from 50 to 42 kPa and keeping stable through the entire machining process, the experimental results agree greatly with theoretical calculations. The best peak-valley value P-V 1.6 μm was achieved in this method.
In order to achieve form accuracy of the workpiece in the elastic deformation machining process with mold, the mold with its surface approximates the desired surface form of the lens which is used for improving the machining precision. The accuracy one can be innovated by modifying the mold profile to adopt with bending stress of workpiece material. This mold profile is redesigned by using the profile of workpiece after the deformed stage. According to the simulation results, the new mold surface with the conic constant K = À3 and vacuum pressure P = À95 kPa are used for the experimental process. In this case, the deviation of workpiece is less than P-V 0.01 μm within the radius of about 12 mm. The maximum deviation is P-V 0.6 μm; however, the former mold is about 18.93 μm. It is clear to see that the experimental results agree greatly with FEA results. 
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